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Response of vibration-isolated object to ground motions with intense vertical accelerations by Y. Araki, S. Kawabata, T. Asai, T. Masui 1   2 In recent years, several intense ground motions have been recorded in Japan whose vertical peak 3 ground accelerations (PGAs) were close to or over the gravity acceleration as shown in Table 1 Table 1 , it was concluded that intense vertical accelerations were 20 the likely reason of the higher probability of overturning. Nevertheless, vibration data, e.g., 21 accelerations and displacements, are not reported in Reference [3] necessary for quantitative 22 assessment of the reasons of the higher probability of overturning. 23 The accident and the increase of the number of ground motion records with intense vertical 24 accelerations have led to an increasing demand for developing passive vertical vibration isolators to 25 protect artworks and precision instruments from intense earthquake ground motions. Some research 26 works dealt with the effect of horizontal vibration isolation on the response of vibration-isolated 27 objects [4] [5] [6] [7] [8] . In addition, many types of passive vertical vibration isolators have been developed so far 28 [9] [10] [11] [12] [13] [14] [15] [16] [17] . To the authors' knowledge, however, no literature reported experiments that examined the 29 influence of vertical vibration isolation on the response of vibration-isolated objects when they are Manuscript submitted for possible publication in Engineering and Structures Response of vibration-isolated object to ground motions with intense vertical accelerations by Y. Araki, S. Kawabata, T. Asai, T. Masui 3 subjected to intense ground motions whose vertical and horizontal PGAs are both close to or over the 1 gravity acceleration. The reasons of scarcity of such experiments can be considered as follows: (1) 2 Most of the vertical vibration isolators developed so far were intended for isolating ambient or small 3 vibrations and not for isolating intense earthquake ground motions. (2) Availability of strong ground 4 motion records with intense vertical accelerations has been very limited.
Introduction

5
The purpose of this paper is to examine the response of a vibration-isolated object when it is 6 subjected to intense ground motions whose PGAs are close to or over the gravity acceleration in both 7 vertical and horizontal directions. As illustrated in Fig. 2(a) , the horizontal vibration isolator has linear guides and constant-force springs.
10
The linear guides and have wheels inside them and work as rolling-bearing elements. Magnets are 11 used to avoid the impact between the blocks connected to the table and those connected to the 12 constant-force springs. The stiffness around the static equilibrium position is provided by the magnets. 13 As shown in Fig. 3 , a constant-force spring has constant restoring force regardless of its stretch. As 14 shown in Fig. 2(b 
( can be written as elements. Then the vertical isolator is designed so that
is satisfied, where g is the gravitation acceleration. With this arrangement, the object is supported by 
10 where v Q is the magnitude of the friction force and v l is the initial viscous coefficient. The equation
11
of motion in the vertical direction can then be written as Table   3 2 summarizes the response of the object placed on the upper table of the vertical vibration isolator. 4 Here, the tolerance value of the maximum rotation angle for slight rocking (SR) response was 0.025 5 radian. When 0  , only slight rocking response was observed. When  =1.0 and 1.2, the response 6 can be classified into the following 3 types as schematically illustrated in Fig. 8: (a) overturning, (b) 7 large rocking response, and (c) small rocking response with twist, or rotation around the z axis. Here, 1. When 0  , i.e., when only the horizontal ground motion was applied, the horizontal 28 acceleration was successfully isolated as shown in Fig. 10 (2nd graph) . On the other hand, a large Table 2 and Fig. 9 , it can be observed that the intense vertical ground motions increased the 14 potential of large rocking response and overturning of the object placed on the vibration isolator. and load cell. We model these curves as shown by gray lines in Fig. 15 respectively. These values are shown by gray lines in Fig. 16 . Fig. 18 shows the comparisons of the 27 response acceleration spectra of the ground motions and the motions at the upper table of the vibration 28 isolated object (point T in Fig. 6 ).
29
From these figures, the following observations and discussions can be made.
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Response of vibration-isolated object to ground motions with intense vertical accelerations by Y. Araki, S. Kawabata, T. Asai, T. Masui 11 1. From Fig. 16 , it is observed that the peak accelerations obtained from the shaking 3. From Fig. 18 , it is seen that the response spectra are predicted by the simulation reasonably well 
